This paper describes an experiment to study the combined effects of high-frequency electromagnetic and acoustic fields on the oil reservoir model. A mathematical model describing the physical processes occurring in the reservoir is given. By introducing an additional term, the heat conduction equation takes into account heat exchange with the environment. The similarity of the theoretical curves and experimental points does not exceed 28%. The qualitative coincidence of the theoretical and experimental curves indicates the adequacy of the mathematical model.
INTRODUCTION
Recently there has been considerable interest in the search for and development of unconventional hydrocarbons typespetroleum bitumen, gas hydrates, oil shale and ozocerite. They have significant reserves and are an energy and resource alternative to oil and gas. Natural bitumen contains a significant amount of valuable metals and compounds. In reservoir conditions, these substances, as a rule, completely fill the pore space and are in a solidcrystalline or amorphous state. Therefore, their extraction by methods known in the practice of oil and gas production is impossible. It is of interest to search for fundamentally new methods for extracting hydrocarbons from productive rocks in ground conditions and creating methods for their well production. One of such methods might be the use of electromagnetic energy combined with an acoustic field. This method has a number of fundamental characteristics. Energy affects the reservoir through high-frequency electromagnetic and acoustic waves, and not through hydrodynamic and thermal methods, as in traditional methods of oil and gas production. Energy and force interactions of electromagnetic and acoustic waves with the reservoir cause the occurrence of heat sources distributed over the reservoir volume, ponderomotive forces, as well as physical and chemical surface phenomena, electrocapillary and electrosurface effects that can be used in mining technology.
Numerous studies of high-frequency electromagnetic fields show that electromagnetic waves propagating in saturated porous media create volumetric heat sources, due to which it is possible to create conditions for heating an oil reservoir [1] [2] [3] . If the electromagnetic field is combined with an acoustic field, a number of interesting effects will appear, such as: thermoacoustic effect, increase in thermal conductivity, change in fluid structure and, as a consequence, change in viscosity and other cross-effects. In addition, the acoustic field is also absorbed by the saturated porous medium and creates volumetric heat sources in it.
The influence mechanism of the electromagnetic and acoustic fields on the reservoir is determined mainly by its electrophysical characteristics and is based on the features of thermo-and hydrodynamic processes arising from the interaction of high-power HF electromagnetic fields with high molecular polar components of saturating oil [4] [5] . Consequently, this method is more applicable in the extraction and preparation of heavy oils, whose share in the total balance of oil production is increasing every year.
Thus, the study of the combined effects of high-frequency electromagnetic and acoustic fields on the oil reservoir is of practical and theoretical interest.
II. DESCRIPTION OF LABORATORY UNIT
To establish the main quantitative and qualitative features of the combined effect of high-frequency electromagnetic and acoustic fields on saturated porous media experimental studies were carried out in the laboratory by Sayakhov F.L., Dyblenko V.P., Kuznetsov O.L. and others [6, 7] . For an experimental study, a unit was created ( Fig. 1 ), which allows one to study the features of thermal phenomena in a saturated porous medium under the combined effect of HF and acoustic fields.
The unit included a three-layer reservoir model, a well, with acoustic and electromagnetic emitters placed in it, as well as a ground-based ultrasonic generator GUZ-1.5H (GZ-34 with amplifier TU-600) and a generator of high-frequency electromagnetic waves HFD-2.5. The reservoir model is a block of natural tar sands from Shugurovskoye bitumen deposit with a thickness of 0.7 m and a radius of 0.6 m, located between 0.15 m layers of wet clay and enclosed in a wooden casing with dimensions 1.4m*1.4m*1.4 m. Quartz sand fractions 0.1 ÷ 0.4 mm is placed between productive layer and a casing. A dielectric tube with a diameter of 4.2 cm is placed along the axis of the formation model. One of the main elements of the installation is a technological device for the joint input of energy from the electromagnetic and acoustic fields into the layer. For this purpose there are two emitters (electromagnetic and acoustic) located in the well model. The reservoir had the following characteristics: bitumen saturation -10 wt. %; water saturation -0.5 wt. %; porosity -40 wt. % The type of bitumen that saturates it is Malta with a density of 1024 kg / m3; viscosity at 298 K -630 Pa·s. For the evaluated estimates, the dielectric characteristics of the reservoir model at the operating frequency f=13.56 MHz were measured: dielectric constant ε'=7.6; dielectric loss tangent tgδ = 0.1 ÷ 0.12.
The reservoir temperature was measured using copperconstantan thermocouples connected via a multi-contact switch to the instrument of direct current B2-I5. The ICP-2.5/HFP-2,5 unit with a maximum oscillating power of 2.5 kW and an operating frequency of 13.56 MHz was used as a source of highfrequency electromagnetic energy [7] .
The methodology of the experiment was as follows: 1) registration of the space-time distribution of the temperature field in the model of the bottomhole formation zone with electromagnetic heating of 0.5 kW and a frequency of 13.56 MHz;
2) carrying out similar measurements with simultaneous HF heating of the same power, frequency and acoustic effect with an intensity of 0.9 kW/cm 2 for two frequency values 16 kHz and 6 kHz;
3) carrying out similar measurements with only acoustic effects of the same intensity and frequencies.
A total of 15 experiments were conducted. The results of experimental studies are shown in Table 1 [7] . From the data presented in Table 1 , it follows that the acoustic effect causes an increase in the efficiency of electromagnetic heating of the bottomhole zone model of the bitumen formation. The rate of electromagnetic heating in the acoustic field increases. The increase in the heating rate in the medium grows with an increase in the acoustic field frequency (Table 1) . Moreover, with the distance from the emitter, the influence of the acoustic field on the rate of temperature change becomes smaller. This is explained by the fact that with increasing radius the energy of the acoustic field decreases.
The spatial distribution of temperature given in table 1 shows the increase in the depth of high-frequency electromagnetic heating in an acoustic field. Moreover, the depth of heating with the use of an acoustic field of a frequency of 16 kHz is higher than the frequency of 6 kHz with the same intensities of acoustic effects [8, 9] . The change in the spatialtemporal temperature field distribution in the model of the bitumen layer bottomhole zone can be explained by the fact that when the acoustically affecting the bituminous sandstone increases its effective heat conductivity coefficient. This leads to an increase in the dependence of electromagnetic heating on thermal diffusivity and to an increase in its contribution to the temperature distribution during electromagnetic heating.
III. THEORETICAL JUSTIFICATION OF THE EXPERIMENT
Comparative design studies of the reservoir model heating with the energy of electromagnetic and acoustic waves were carried out with the experimental data given in Table. 1. In the experiments, two values of the acoustic waves frequency were used: fа=6 kHz and 16 kHz, the acoustic emitter intensity was 900 W/m 2 . The power of electromagnetic waves was 0.5 kW. The thickness of the reservoir model is 0.7 m; therefore, it is advisable to take into account in the heat conduction equation the outflow of heat into the environment. Thus, the heat conduction equation describing the temperature change over time and in space in the reservoir model with high-frequency electromagnetic-acoustic heating has the form:
where λаthe reservoir' heat conductivity coefficient; Сpthe volumetric heat capacity of the reservoir rocks, qаэ is the total heat sources h is the reservoir thickness, с0the heat capacity of the reservoir model, ρ0the reservoir model density, а0 is the thermal diffusivity of the reservoir model.
Total volumetric heat sources in the medium arising from the effects of EM and acoustic field can be presented as:
Where qэ and qa are determined by equations: 
where αа, αэ -EM and acoustic waves attenuation coefficients; r0well radius; Na0 -acoustic waves emitter power; Nэ0 -EM waves emitter power.
Boundary conditions used in calculations. At the initial time, the reservoir temperature in all points is the same: (5) Here rk  reservoir model radius; Tн Tinitial and current temperatures respectively.
The maximum relative error between the calculated curves and experimental points for the case of HF EM acoustic heating with a frequency fа=16 kHz is 20%, for the case of HF EM acoustic heating with a frequency fа=6 kHz -28%. Moreover, the relative error grows with increasing distance from the emitter, which indicates the ongoing heat exchange on the wall of the reservoir model with the environment. Fig. 3 shows the temperature dynamics curves located at a distance of 0.04 m from the well radius, obtained by calculation and experimentally. The maximum relative error between the calculated curves and experimental points for the case of highfrequency electromagnetic-acoustic heating with a frequency of fа=16 kHz is 28%, for the case of high-frequency electromagnetic-acoustic heating with a frequency of fа=6 kHz -18%. The discrepancy between the curves decreases with increasing exposure time [7] . It is necessary to note the possible contribution to the effect of intensification of high-frequency electromagnetic heating from the combination of a heated bitumen viscosity decrease in the acoustic field and its filtration motions caused by a drop in the acoustic impulse. An increase in the heating temperature with an increase in the acoustic field frequency can be explained. An increase in the heating intensity of a saturated porous medium with increasing frequency is related to the increaseing fluid "turbulization" in the pores [10] .
IV. RESULTS
The results of experimental studies suggest that near the emitter the temperature gradient with electromagnetic heating decreases if a source of sufficiently intense acoustic waves acts simultaneously. This circumstance leads to a decrease in temperature near the well and to its increase of it in a distance from the well. In practice, this causes an increase of the heataffected zone.
Comparison of computational and experimental studies, taking into account the influence of measurement errors (nonobservance of the high-frequency electromagnetic waves waveguide effect in the reservoir model, heat exchange with the environment) showed that the developed mathematical model can be used for predictive calculations of the combined effect of high-frequency electromagnetic and acoustic fields on the oil reservoir.
V. CONCLUSION
Thus, the conducted studies show the real possibility of applying the combined methods of exposure to high-frequency electromagnetic field and acoustic on the reservoirs of highly viscous oils and bitumens in order to intensify the fluid flow to the well and increase oil recovery.
It is of practical interest later to study the effect of the acoustic effects of various frequencies in combination with an electromagnetic field.
